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Abstract. Several hotspots of FRII radio sources have previously been detected in the X-ray at a flux level
consistent with the X-rays being due to inverse-Compton scattering of radio “synchrotron photons synchrotron
self-Compton”, if the magnetic fields in the hotspots are close to their equipartition values. However, the number
of hotspots compact and bright enough to exhibit detectable X-ray emission is small, so it is worth searching
for synchrotron self-Compton emission in the optical, in spite of the obvious observational difficulties of such an
approach. In this note I report on a possible detection of an optical inverse-Compton hotspot in a deep Hubble
Space Telescope observation of the distant quasar 3C 196, at a level which implies a hotspot magnetic field strength
close to equipartition if the electrons have a low-energy cutoff around ~ ~ 500.
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1. Introduction

The relativistic electron population responsible for syn-
chrotron emission in extragalactic radio sources necessar-
ily scatters incoming photons up to higher energies by the
inverse-Compton process. Possible source photon popula-
tions include the microwave background, starlight from
the host galaxy, photons from the active nucleus and the
synchrotron photons themselves; different populations will
dominate in different regions of the source. In the com-
pact hotspots of powerful double (FRII) radio sources, the
dominant component is expected to be the synchrotron
photons, and the so-called “synchrotron self-Compton”
(SSC) process should accordingly dominate the inverse-
Compton emissivity.

Observations of SSC emission are important because
they allow us to make a measurement of the magnetic field
strength in the hotspot. We know the synchrotron flux
density and the dimensions of the hotspot, which give us
the synchrotron emissivity and photon energy density. A
measurement of the inverse-Compton emissivity then tells
us about the electron energy density, allowing us to infer
the magnetic field strength from the observed synchrotron
emission.

However, SSC emission from hotspots is expected to
be faint. So far there are four convincing cases of inverse-
Compton emission detected with X-ray observations, in
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the radio galaxies 3C 405 (Harris et al. 1994; Wilson et al.
2000), 3C 295 (Harris et al. 2000), 3C 123 (Hardcastle et al.
2001) and the quasar 3C263 (Hardcastle et al. in prepa-
ration); these detections are consistent with a hotspot
magnetic field strength close to the minimum energy or
equipartition value. These objects represent some of the
brightest well-studied hotspots in the sky, and the faintest
of them approaches the detection limit of long Chandra
observations. There may be fewer than ten objects in the
entire sky that have hotspots whose SSC emission is de-
tectable at a useful level in the X-ray with the present
generation of instruments.

Because the spectrum of SSC emission is expected to
be similar to that of synchrotron emission, SSC emis-
sion in the optical ought to be detectable at flux levels
higher than those seen in the X-ray. However, there are
several difficulties with observing this in practice. Firstly,
in many cases, the high-frequency radio/sub-mm/IR spec-
trum of hotspots is poorly known, which means that it is
hard to say whether an optically detected hotspot is syn-
chrotron or inverse-Compton — a number of sources have
well-known optical synchrotron hotspots. For example, it
is not clear whether the optical hotspot of 3C 295 detected
by Harris et al. (2000) is synchrotron or SSC in nature.
Secondly, because the increase in frequency in the SSC
process goes as 72, SSC at low frequencies probes low-
energy electrons (with v < 1000) and we typically do not
know much about the radio emission from these electrons;
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Fig. 1. The WFPC2 (WFC3) image of 3C 196. The linear greyscale range is from 144 to 250 counts per pixel. The PSF has not
been subtracted, and its diagonal diffraction spikes can be seen. Below the quasar to the SE is the foreground spiral galaxy. The
apparent “box” to the W of the quasar is the result of a bad pixel on the CCD, and illustrates the dithering strategy used by
RS. Radio contours are at 5 x (1,4, 16,64) mJy beam ™!, taken from a 15-GHz VLA map with a resolution of 1.34 x 1.09 arcsec.
The HST positions have been corrected to align the quasar with the radio core.

our models are accordingly uncertain. And finally there
are practical difficulties; emission from the hotspots is of-
ten too faint to be seen in the optical against the back-
ground from the host galaxy or active nucleus. However,
detection of optical SSC emission is still possible in prin-
ciple, and could give us valuable information about the
magnetic field strengths and low-energy electron popula-
tions in hotspots. In this note I report on a possible de-
tection of optical SSC emission from the distant quasar
3C196. Except where otherwise stated, I use a cosmology
with Hy = 65 kms™!Mpc™!, Q, = 0.3, Qp = 0.7.

2. Observations

3C196 is a z = 0.871 quasar with a compact, FRII-like
radio structure (Laing 1982; Lonsdale & Morison 1983,
hereafter LM; Brown 1990). It came to our attention
as a possible target for Chandra observations because
of its very bright, compact hotspots, with flux densities
around 2 Jy at 5 GHz (LM). However, investigation of the

available high-frequency data in the VLA archive' showed
that the radio spectrum of the hotspots cuts off very
steeply at observing frequencies of tens of GHz (Table 1,
Fig. 2). Because it is photons at around these frequencies
that are scattered up to X-ray energies, 3C 196 became
less attractive as a Chandra target. But the cutoff in the
synchrotron spectrum does rule out the possibility of an
optical synchrotron hotspot. For this reason it is interest-
ing to look for optical inverse-Compton emission in this
object.

3C 196 has already been well studied in the optical
(e.g. Boissé & Boulade 1990; Cohen et al. 1996), because
the quasar lies close to a z = 0.437 barred spiral galaxy
which gives rise to absorption in HI (Brown & Mitchell
1983; Brown et al. 1988; Briggs et al. 2001 and optical
lines (Foltz et al. 1988). Because the hotspots lie only
~2 arcsec from the quasar nucleus, high resolution is
needed to separate any possible optical hotspot emission
from the nucleus. The deepest Hubble Space Telescope

! The National Radio Astronomy Observatory Very Large
Array (VLA) is operated by Associated Universities Inc., under
co-operative agreement with the National Science Foundation.
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Fig.2. The synchrotron and inverse-Compton spectrum of
3C 196’s N hotspot. Radio data are from Table 1, and are plot-
ted in the rest frame of the quasar. The optical data point is
discussed in the text. The dot-dashed line shows a synchrotron
self-Compton spectrum fitted to the data, using a model with
equipartition magnetic field strength and ymin = 420. The dot-
ted line is the contribution from inverse-Compton scattering of
the microwave background for these parameters.

Table 1. Radio flux densities for the hotspots of 3C 196.

Frequency North South  Reference
(GHz) (Jy) (Jy)

0.329 6.9 - 1

0.408 71+£04 152+06 2

1.67 3.420 £ 0.2 5.58+0.3 2

5.0 1.6 +0.2 25+02 2

15.0 0.472+£0.02 0.47+£0.07 3

22.5 0.123 £0.05 - 3

Data tabulated are for the compact component of
the hotspot, which in most cases was unresolved.
References are: (1) Linfield & Simon (1984) (2) LM
(3) This paper, from VLA archive. The N hotspot is
partially resolved at 22 GHz, so the flux quoted may
be an underestimate.

(HST) image is presented by Ridgway & Stockton (1997,
hereafter RS), and consists of 8 dithered observations of
900 s duration each on the WFC3 chip in the F622W fil-
ter. After combining the images and subtracting the PSF,
they find some extended emission probably related to the
quasar, as well as imaging the foreground spiral galaxy,
but do not comment on any possible hotspot emission.

I have obtained the data of RS from the HST archive
and combined the individual observations, using the IRAF
task CRREJ to remove cosmic rays in the pairs of observa-
tions with the same pointings followed by the AIPS tasks
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HGEOM and COMB to stack the four dither directions. In
Fig. 1 I show a greyscale of the resulting image. There
is a weak but clear source coincident with the northern
hotspot, a component which can also be seen on the im-
age of RS. One of the spiral arms of the foreground galaxy
crosses the position of the southern hotspot, rendering any
discussion of that component impossible.

The flux density of the component coincident with the
northern hotspot can be determined by small-aperture
photometry. After subtraction of the well-determined sky
background and of a locally determined (and more uncer-
tain) correction for the background local to the source, I
find the source to contain 133 427 counts in an extraction
region with a radius of 3 pixels. Correcting for the effects
of the PSF (Holtzman et al. 1995) and for a small amount
of Galactic reddening [E(B—V') = 0.058, according to the
data of Schlegel et al. 1998] this translates, using factors
provided by the IRAF SYNPHOT package, to a flux density
of 82417 nJy at an observing frequency of 4.85 x 104 Hz.

It is worth briefly considering whether additional red-
dening might be introduced by the foreground spiral
galaxy. The northern hotspot is the component of 3C 196
furthest from the spiral; the separation of 3.1 arcsec cor-
responds to a distance of 23 kpc at the redshift of the
spiral. Observations of optical line absorption against the
quasar nucleus show that absorbing material from the spi-
ral certainly has an effect at ~10 kpc. On the other hand,
we know from the VLBI work of Brown et al. (1988) that
the HI column density to the hotspot is <3x10%° cm™2,
which would imply F(B — V) in the frame of the galaxy
of <0.06; this could give up to 0.14 mag of reddening at
our observing wavelength, but this would only increase
the inferred flux density by 14 per cent, to 93 nJy. The
effect is therefore not significant. The detailed models of
Briggs et al. (2001) place the northern hotspot outside the
absorbed region.

3. Inverse-Compton?

In order to calculate the inverse-Compton flux density ex-
pected at this frequency we must assume a size and ge-
ometry for the hotspot. To carry out the calculation I use
the code of Hardcastle et al. (1998) which assumes that
the hotspot is a homogeneous sphere. The radius of the
sphere is set to 0.3 arcsec, based on the MERLIN image
of Lonsdale (1984). The synchrotron spectrum is then fit
with a simple model consisting of a low-frequency power
law with spectral index 0.5 and a high-energy cutoff; this
constrains the upper energy of the electrons, and gives
an adequate fit to the radio data (Fig. 2). The unknown
parameters are then the low-energy cutoff of the electron
spectrum, and the magnetic field strength in the hotspot.

The value of the low-energy cutoff has a strong effect
on the predicted optical SSC emissivity, because it is the
low-energy electrons that scatter radio photons into the
optical band. For a given energy density in photons, high
cutoffs reduce the optical emissivity, while low cutoffs in-
crease it. A smaller but still significant effect is that a lower
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Fig. 3. The difference between predicted and observed values
of the optical flux as a function of ymin and B. The con-
tours show a difference between prediction and observation
of 1, 2 and 3 o; the solid contours show the model overpre-
dicting the observed optical flux, while the dashed contours
show where the model underpredicts the observations. The dot-
ted line shows the equipartition field strength as a function
of Ymin. The values plotted here are for the default cosmol-
ogy. Other standard choices of cosmological parameters (e.g.
Hy =50 kms™' Mpc™!, Qm = 0.0, Q4 = 0.0) give very similar
results.

cutoff implies a greater energy density in electrons, giving
rise to an increased equiapartition magnetic field strength.
The fact that the source is detected at 408 MHz and below
constrains the low-energy cutoff; ymin S SOO(Beq/B)%,
where B, is the equipartition magnetic field strength as-
suming no protons and filling factor unity. The best fits to
the entire radio spectrum are given by ymin & 600, which
is comparable to the low-energy cutoffs inferred in Cygnus
A and 3C123 (Table 2).

To see what regions of B and 7y, are consistent with
the observed optical emission, I allowed them both to
vary over a wide range and determined the difference be-
tween the predicted and observed optical flux density. The
results are plotted in Fig. 3.

It will be seen that even if we treat the optical emis-
sion from the hotspot as unrelated to the inverse-Compton
process, and use it to give an upper limit, this calculation
constrains the magnetic field strength in the hotspot. The
region in the bottom left of Fig. 3, below the solid con-
tours, is excluded at better than the 3o level by the data,
since parameters in this region would produce more optical
emission than is observed. This implies, for plausible Ymin,
that the magnetic field strength in the hotspot is close to
or greater than the equipartition value. If we believe that
inverse-Compton emission has actually been detected in
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Table 2. Inverse-Compton parameters obtained for 3C 196 and
other sources.

Source Ymin Uy (x107H Be.q Bssc Ref.
Jm™3) (nT) (nT)
3C405 A 420 1.0 31 27 1
3C295 N 800 8.2 63 30 2
3C123 1000 0.57 17 123
3C196 600 1.3 28 24 4

I tabulate information for hotspot A of Cygnus A and the N
hotspot of 3C295. Ymin is the value assumed in the calcula-
tion; see the text for a discussion of the values applicable to
3C196. u, is the mean energy density in synchrotron pho-
tons; Beq is the equipartition magnetic field strength, using
assumptions given in the text; Bssc is the field required if the
X-ray or optical emission observed is all to be modelled as SSC.
References are: (1) Harris et al. (1994); (2) Harris et al. (2000);
(3) Hardcastle et al. (2001); (4) this paper. For consistency, all
calculations have been carried out using the Hardcastle et al.
(1998) code and the cosmological parameters of this paper, so
the results quoted here differ slightly from published values.

this object, then the magnetic field strength implied is
very close to the equipartition value if Yy, ~ 400—600,
a plausible fit to the data. If the low-energy cutoff in the
electron spectrum is much lower than this, then to avoid
producing an optical SSC hotspot brighter than that ob-
served we require magnetic field strengths greater than the
equipartition value, although the difference is never very
large, and approaches lo for vmin =~ 10; but the radio
data are less well fitted by models with low ~yi,. Table 2
compares the derived field strengths for 3C 196, on the
assumption of vy, = 600, with those obtained for other
sources. The results are broadly similar.

As Brunetti et al. (1997) have pointed out, photons
from the active nucleus can also be inverse-Compton scat-
tered to higher energies by electrons in the radio compo-
nents. The N hotspot in 3C196 is a projected distance
of only 20 kpc from the nucleus, and so the energy den-
sity of nuclear photons in the hotspot may be significant.
However, the restricted range of electron energies inferred
in the hotspot (500 < v < 6000) mean that only pho-
tons in the radio band can be scattered into the optical.
The radio nucleus of 3C 196, as we observe it, is unusually
weak for a quasar — only 7 mJy at 5 GHz (Reid et al.
1995). Taking into account the effects of beaming in the
manner discussed by Hardcastle et al. (2001) I find that,
if the quasar is at an angle of less than 45 degrees to the
line of sight, extremely high nuclear bulk Lorentz factors
(225) are required to make the number spectral density
of nuclear radio photons equal to that seen in the hotspot.
A model of this sort seems unlikely to be viable for this
particular source.
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4. Conclusions

A weak optical component coincident with the northern
radio hotspot is detected in 3C 196. The radio spectrum
makes this component very unlikely to be due to syn-
chrotron emission. If it is used as an upper limit on any op-
tical SSC emission, it requires the magnetic field strength
in the hotspot to be greater than or equal to the equiparti-
tion value. If it is taken to be a detection of SSC emission,
its flux level is in good agreement with a model similar
to the one found to work in X-ray detected hotspots; the
low-energy cutoff is around v = 500 and the magnetic field
strength is close to the equipartition value.

This work illustrates the possibility of finding optical
inverse-Compton hotspots in deep observations of radio
sources. At the time of writing I am not aware of any other
sources with bright compact hotspots of which suitable
optical observations exist; observers are encouraged to be
alert to the possibility of finding such components in their
data.
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